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Abstract 
The micro-properties (structure and composition), and macro-properties (electrical 
and optical properties) of zinc oxide (ZnO) thin films deposited on glass substrates 
using a filtered vacuum arc deposition (FVAD) system were investigated as a function 
of oxygen pressure (0.37 – 0.5 Pa) and arc current (100 – 300 A). The films were 
polycrystalline, and the crystal plane orientation varied with the oxygen pressure and 
arc current, tending to be aligned parallel to the c-axis. The sizes of the crystallite 
grains were 10 - 35 nm. The films were found to be compressively stressed, with 
stress in the range of -2.5 – 0 GPa. The stress in any sample decreased as function of 
arc current, however, its dependence on the pressure itself also depended on the 
                                                
  Author to whom correspondence should be addressed. Current email: taldavid@bgu.ac.il 


applied arc current. The compressive stress in samples deposited with arc current in 
the range 100 - 150 A, decreased with the pressure from -2.5 to -1.5 GPa (0.37 – 0.5 
Pa), whereas it increased with the oxygen pressure in samples deposited with arc 
current 200 to 300 A. The compressive stress in all samples deposited with the highest 
oxygen pressure (0.51 Pa) was in a relatively narrow range -2.1 to -1.7 GPa. 
Film composition, determined by X-ray photoelectron spectroscopy (XPS), depended 
weakly on the deposition parameters. All samples had zinc excess, with typical 
oxygen to zinc atomic concentration ratio 0.7 _ 0.8. Film thickness, in the range of 80 
– 780 nm, depended linearly on both deposition parameters. 
The electrical resistivity () of the films was in the range of (1-5)·10-4 m, 
depending weakly on the deposition parameters. The electrical resistivity of the films 
with larger grain size was higher than that of films with smaller grains, whereas it 
increased with film stress. The optical transmission of the films, expressed by the 
extinction coefficient, depended strongly on both deposition parameters (arc current 
and oxygen pressure). The lowest extinction was obtained with films deposited with 
higher-pressure (P  0.5 Pa) and lower arc-current (I  200 A). The lowest extinction 
coefficient was ~410-4 nm-1 in the visible and the near-IR range of the spectrum. 
Films with larger grain size and lower stress had relatively larger extinction 
coefficient (~8·10-3 nm-1). 
 
Keywords: Filtered Vacuum Arc Deposition (FVAD), Zinc Oxide (ZnO), Elastic 
Stress, oxygen-to-zinc ratio.
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1. Introduction 
Zinc oxide (ZnO) is a transparent conducting oxide (TCO), which has recently been studied 
extensively. It is a II-VI semiconductor, mostly n-type, with a wide band gap of ~3.3 eV, that could 
be obtained with resistivities as low as 10-6 m. It is a candidate material for use as a gas sensor, in 
electronic displays, in the fabrication of blue light emitting diodes (LEDs), in surface acoustic wave 
(SAW) devices, and more.  
ZnO films have been deposited using many methods of deposition techniques. These include 
various sputtering techniques [1-5], chemical vapor deposition (CVD) [6-8], molecular beam 
epitaxy (MBE) [9,10], pulsed laser deposition (PLD) [11], sol-gel [12], filtered vacuum arc (FVA) 
[13-21], and more. Relatively only few reports on the properties of ZnO films deposited with FVA 
are found in the literature, including a recent publication on this subject by the present authors [22], 
in comparison to the number of reports where other deposition methods were used, although the 
FVA deposition method is characterized by a larger deposition rate. 
The effects of substrate temperature, substrate bias during deposition, post-deposition annealing in 
various atmospheres, or doping with various elements, e.g., N, Al and Sb, on ZnO film resistivity, 
structure, and optical transmission were studied extensively. Most of the reports are elective, in the 
sense that they focus on a relatively narrow range of deposition parameters or film properties. The 
number of comprehensive studies of as-deposited undoped ZnO films, deposited by use of vacuum 
arc deposition systems at room temperature, is even smaller [19,22]. 
In this paper we report on such investigation, in which film properties are determined as a 
function of the two basic vacuum arc deposition system parameters: the background oxygen 
pressure, and the arc current, and the interrelation between the micro and macro properties of the 
film is assessed. Arc current and oxygen pressure are two “knobs” that can be systematically 
controlled to determine the characteristics of the deposited ZnO films. The upper and lower limits 
of the pressure were determined by the requirement that the film would be both conducting and 
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transparent; the upper and lower limits of the current were determined by the current source and by 
arc stability, respectively. 
 
2. Experimental Apparatus and Procedure 
The deposition system was previously described in detail [22-24]. It is comprised of a plasma gun 
with a Zn cathode, and a quarter-torus magnetic macroparticle filter attached to the deposition 
chamber. Oxygen was injected in the vicinity of the substrate by a controlled valve, and the pressure 
is kept constant during the deposition by a computerized controller. The substrates were made of 
25x75 mm microscope glass slides, which were coated by a non-uniform ZnO film. The analysis 
was performed on the central uniform section of the sample, 20x20 mm, which was measured to 
have uniform film thickness to within 10%. [22] The substrates were not heated or biased during 
deposition, and were not annealed or otherwise treated after deposition. 
Based on past work, an assembly of film samples was prepared by running the arcs at oxygen 
background pressure in the range 0.373 – 0.506 Pa (varied in steps of 0.026 Pa) and the arc current 
varied in the range 100 – 300 A (mostly in steps of 50 A).  
Film composition, on the surface and in the bulk, was determined by X-ray photoelectron 
spectroscopy (XPS) (studying the oxygen O(1s) peak at 530.5 eV, and the zinc Zn(2p3) peak at 
1021.4 eV), using a PHI scanning 5600 AES/XPS multi-technique system. Bulk composition was 
obtained by sputtering with Ar+ ions a hole through the film, combined with the AES/XPS analysis. 
Film structure was analyzed by X-ray diffraction (XRD) using a Scintag X-ray diffractometer 
equipped with a Cu anode (Cu K, =0.1541 nm).  
Film thickness was determined by counting the interference fringes formed on the sample. This 
was occasionally verified by a profilometer, and with mass gains data. The deposition time was kept 
constant at 60 s, and the thickness depended on the deposition parameters, as will be discussed 
below.  
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The electrical sheet resistance was measured using a two-point measurement method by 
contacting two Cu adhesive tapes attached at the ends of the central uniform section. These 
measurements were occasionally verified with a 4-point probe.  
The film optical transmission was measured with a spectrophotometry, using a Minuteman MV-
305 monochromator equipped with a calibrated photomultiplier. This device had limitations that did 
not enable measurements in the UV; hence no direct data on the band-gap is presented. 
3. Results and Discussion 
3.1 Micro-Properties analyses 
3.1.1 General observations from Structural analysis 
Typical XRD spectra of samples deposited with oxygen pressure of 0.426 Pa and arc current 100 
– 300 A are presented in Figure 1. These films, like all other films, had polycrystalline hexagonal 
wurtzite structure, with dominant c-axis orientation, as indicated by the dominant (002) reflection 
intensity. However, as shown in Fig. 1, in a single case, the (110) reflection was the strongest on the 
film deposited with 250 A. The intensity of most observed X-ray reflections increased first with arc 
current, except for the (100) reflection, whose intensity decreased on the films deposited with arc 
current greater than 200 A or 250 A, depending on the oxygen pressure. The decrease in the 
intensity of the (100) reflection was observed in films deposited at 200 A and at lower pressure, in 
the range (0.38 – 0.43 Pa), while in case of films deposited at 0.51 Pa it was observed on films 
deposited with 250 A. The width and position of the dominant (002) reflection were further 
analyzed to derive average grain size and internal stress. It was also noted that in most cases the 
(100) reflection peak intensity was much lower than that of the (002) reflection.  
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Figure 1: X-ray diffractograms of ZnO films deposited with 0.426 Pa oxygen pressure (arc currents 
= 100 A, 150 A, 200 A, 250 A, and 300 A). The diffractograms were shifted vertically to facilitate 
the viewing. The base line of each diffractogram is at zero intensity.  
 
 
3.1.2 The (002) peak position and elastic stress. 
The elastic stress (	) of the films can be determined from Hoffman's relation [25]: 
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In this expression the coefficients Cij are the elastic stiffness constants (values taken here are of 
single crystal ZnO [26, 27], and c, c0 are the measured and stress-free c-axis lattice constants, 
respectively. The lattice constant was deduced from the (002) reflection peak by computing the 
lattice spacing using Bragg's law [28]. Using the diffractometer wavelength Cu K, co=0.5206 nm 
[29].  
A plot of the film elastic stress against arc current, with oxygen pressure as a parameter, is shown 
in Figure 2. Except for one case, the stress was negative (compressive), depending on the oxygen 
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pressure, and independent of the current below a certain transition current, 200 –250 A. In most 
cases, film stress in samples deposited with current greater than 200 A decreased significantly as 
function of the current. In the case of a film deposited with a current of 250 A, and a pressure of 
0.37 Pa, it even changed from negative stress to weak positive tensile stress. The variation of the 
stress as function of the current was moderate in films deposited at lower pressure.  
  
Figure 2: Plot of ZnO film elastic stress 	 (GPa) vs. the arc current I (A), where the oxygen 
pressure range was 0.37 – 0.51 Pa. 
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3.1.3 The (002) peak intensity 
Peak intensity of the X-ray diffraction reflections is determined by the crystalline grain size and 
structure, axis orientation, and could also be affected by film thickness. No correlation was 
established in this study between diffractions reflection intensity and film thickness. As the (002) 
reflection is the dominant reflection feature, the dominant axis is the wurtzite c-axis. The plots of 
the (002) reflection peak intensity, as function of the current, where the pressure is a parameter, are 
presented in Fig. 3. The data indicates weak dependence of the X-ray reflection intensity on arc 
currents below 250 A. It should be noted that the (002) reflection intensity increased markedly 
when arc current is greater than 250 A for P=0.37, 0.46 Pa. 
  
Figure 3: Plots of peak intensity of the (002) reflection vs. the arc current I (A), where the oxygen 
pressure range was 0.37 – 0.51 Pa.  
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3.1.4 Grain size 
The grain size can be derived from the XRD reflection width using the Scherer relation:  
 
	 

0.94D
Cos

 


, 
where D is the grain size in nm,  is the diffractometer wavelength in nm,   is the (002) reflection 
full width at half maximum after subtracting the instrumental width, and   is the diffraction angle.  
Grain size determined on films deposited with current below 200 A was in the range 10 – 15 nm, 
and was not correlated with arc current for all pressures used, as shown in Figure 4. Larger spread 
in grain size was found in films deposited with current  250 A, 12 – 33 nm. Here, the films with 
larger grains were deposited at pressure lower than 0.45 Pa. 
 
Figure 4: Plot of ZnO grain size D (nm) vs. the arc current I (A) , where the oxygen pressure range 
was 0.37 – 0.51 Pa. 
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3.1.5 Correlations between structural properties 
The plots of average grain size (D) and elastic stress () as function of film thickness, h, are 
presented in Figs. 5a and 5b, respectively, indicating that D was not correlated with the thickness, h, 
but a correlation between  and h with R2 = 0.86, where R is the correlation coefficient, was noted. 
Average grain size for all films with h < 500 nm was in the range 10 to 15 nm. The grains in films 
with thickness > 500 nm were larger, but again no well-defined dependence on thickness was noted. 
It was noticed that thick films were not necessarily grown with larger grains; however, greater 
thickness implied higher compressive stress.  
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Figure 5: (a) Plot of grain size D (nm) vs. film thickness (nm); (b) Plot of film stress  (GPa) vs. 
film thickness (nm). 
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Similarly, no correlation was found between film thickness and the (002) reflection peak intensity. 
On the other hand, the elastic stress decreased with film thickness. This trend was more pronounced 
for samples with film thickness > 500 nm. 
The average grain size, D, plotted against the elastic stress , is shown in Figure 6. Grain size was 
in the range of 10 – 15 nm for films with  in the range -2.3 to -1.3 GPa, and no correlation 
between these parameters was found. In the case of films with  in the range (-1.3 to +0.4 GPa) a 
significant linear correlation was established between  and D,  = 0.077D-2.32 [GPa],   
 with 2 96.7%R  . 
 
 
Figure 6: Plot of grain size D (nm) vs. the film stress 	 (GPa). The solid line is a least squares 
linear fit. 
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3.2 Compositional analysis
Each sample was analyzed by X-ray photoelectron spectroscopy (XPS). The presence of carbon 
was observed on film surface in each case, as previously reported [22]. In the bulk of the films, the 
oxygen-to-zinc ratio (Roz) for all films was in the range of 0.68-0.80, with an average of 0.70 and a 
standard deviation of 0.03 for all samples. No well-defined dependence of Roz on the oxygen 
pressure or arc current during deposition was observed. The values of Roz of samples deposited with 
arc currents above 100 A was in the range of 0.68 – 0.72, with an average 0.7 ±0.01. No significant 
variation in film composition could significantly be associated with pressure fluctuation during the 
deposition process, as pressure control was very effective, limiting such variation to well below 1%.  
A lower atomic concentration of Zn and a higher concentration of oxygen were observed on the 
surface of the films (typically ROZ ~1.7 to 1.8), as well as concentration of carbon (sometimes up to 
50% on the surface). Adsorption of oxygen and carbon from the atmosphere after the deposition 
could influence the composition of the surface and increase Roz on the surface. It should be noted 
however, that the thickness of this surface layer was much less than 5% of the entire film thickness, 
in all cases. 
Oxygen deficiency in thin ZnO film had been reported before. Whangbo et al. [30] observed zinc 
excess (Roz = 0.91) in ZnO films deposited with a reactive-ionized cluster beam system. Xu et al. 
[16] reported excess of C on the surface, and Roz = 0.61 in samples deposited using FVA where the 
substrate was biased by -200 V. Xu et al. [16] assumed that the excess of Zn in those samples 
resulted from preferred oxygen sputtering by Zn ions. However, Xu et al. [16,17] also reported 
values of Roz > 1 when the deposition was performed on heated substrates at temperatures of 230 
and 430 C. Their values of Roz increased with substrate temperature, and were 1.02 and 1.1 for 
films deposited at substrate temperature of 230 C and 1.16, and1.29 for substrates at 430 C. They 
associated the increase in Roz with substrate temperatures to faster penetration of oxygen into the 
film, or faster formation of ZnO, resulting in a lower oxygen-sputtering rate. In the next section the 
effects of the deposition parameters on the microstructure are further discussed. 


 
3.3 Deposition parameters and film micro-properties 
The two deposition parameters controlled during the experiment were arc current and oxygen 
pressure. In order to assess their effect it should be noted that an increase in the arc current in a 
VAD process results in an increase in the plasma flux, but does not result in an increase of the 
plasma ions energy [32]. Varying the pressure may affect the particle energy by changing the 
collision frequency between the fast Zn ions and the significantly slower oxygen molecules or 
atoms, lowering the energy of the Zn ions and the plasma flux. However, assuming a collision cross 
section of 3.10-20 m2 and oxygen pressure in the range 0.37 Pa to 0.51 Pa, the mean free path of the 
Zn ions is estimated to be of the order of the magnetic filter length. Hence, collision effects should 
be altogether small, and the effect of varying the pressure negligible.  
As mentioned above, the Zn vacuum arc produces a plasma jet with ion energy of 37 eV [31]. 
Hence, the plasma flux to the substrate also heats the substrate, and this could affect the micro-
properties of the film. Such heating is proportional to the film thickness [33]. An upper limit to the 
temperature of the film is obtained by assuming that the kinetic and ionization energies of the 
deposited Zn ions are completely absorbed in the film, and that there is no heat transfer to the 
water-cooled sample holder. Such upper limit estimate of the temperature for a 500 nm thick film, 
after 60 s deposition, is ~80 ºC, and in the case of a 300 nm film thick film ~60 ºC (when room 
temperature is 25 ºC). The actual increase in the film temperature would be somehow lower, as the 
water-cooled substrate holder cannot be ignored. It is an open question whether the dependence of 
some micro-properties on film thickness results from the heating of the film by the plasma flux. 
The observed independence of film composition (Roz) on the deposition parameters is in a sense 
unexpected. Larger plasma fluxes (higher current) and lower oxygen pressure, or lower plasma 
fluxes (smaller plasma currents) and larger pressure are expected to affect the ratio Roz. As this is 
not the case, it could be argued that under the present experimental conditions, the growth process 
of the film is controlled by a balancing chemistry and sputtering of oxygen that produce films of 
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approximately constant Roz. Further and more detailed investigation is required to corroborate such 
assumption. 
 
3.4 Electrical Properties 
3.4.1 General Observations 
We had recently reported [22] that film thickness was linearly dependent on the pressure, and that 
the electrical resistivity of the transparent ZnO films was relatively constant as a function of 
pressure. In the current study it was further observed that film thickness was also linearly dependent 
on the arc current in the range 100 - 300 A. This relation could be expressed by the formula h = 
2.85·I - 156, where h is the film thickness in nm, and I is the current in the range 100 - 300 A (film 
thickness in the range 90 - 780 nm). The correlation coefficient was R2 ~ 0.95.  
Film resistivity, however, was found to be weakly dependent of the current and oxygen pressure, 
as can be seen from Fig. 7a where the resistivity is plotted against pressure and arc current. Except 
for one sample, the resistivity of all films is in the range (0.93 – 4.91)·10-4 m, and no apparent 
correlation could established between the resistivity and pressure, or resistivity and arc current. It is 
discussed below that the dispersion of the resistivity in that range results from microstructure 
effects.  
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Figure 7:  Plots of film resistivity  (·m) vs. (a) oxygen pressure P (Pa), where the arc current 
range was 100 – 300 A, and (b) grain size D (nm).  
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Hall measurement of the resistivity, carrier density, and carrier mobility on a single sample was 
performed several months after its deposition. The film was deposited with oxygen pressure of 0.43 
Pa and 200 A arc current. The data of this analysis could have been affected by the environment 
during the time interval between deposition and measurement, as the electrical properties of ZnO 
thin films was shown to vary after deposition when exposed to air [22]. The measured resistivity 
was 1.12·10-4 ·m, in the resistivity range given above. The charge carrier concentration and carrier 
mobility of this n-type sample were 4.8·1025 m-3 and 1.16·10-3 m2/Vs (11.6 cm2/Vs), respectively. 
These values are in agreement with data presented in literature for untreated ZnO thin films [1,18, 
21]. The compiled data for the Hall mobility of thin film ZnO presented by Ellmer [2] indicate that 
for undoped ZnO polycrystalline films whose resistivity is ~8·10-5 ·m, the carrier density ~2·1025 
m
-3
, and the mobility is ~ 2·10-3 m2/Vs. 
 
3.4.2 Correlations between the resistivity and micro-properties 
The conduction of electricity in ZnO films at room temperature is characterized by resistivity in the 
range 10-6 – 10-2 m [2], in spite of the large energy band gap (~3.2 eV) between the valence and 
conductance bands. Such relatively low resistance results from the existence of a donor level 
sufficiently close to the conductance band. The creation of the donor band is usually attributed to 
zinc excess or oxygen deficiency [34, 35]. The resistivity of the ZnO film, however, is not 
determined only by the carrier density; it is also a function of the ZnO film polycrystalline structure, 
which could affect the carrier density and the mobility of the electrons in the material. In the present 
experiment, the resistivity was partially correlated only with grain size D, but not with oxygen 
pressure or arc current. Two factors could lead to the observed spread of film resistivity: a spread in 
Roz and microstructure variation resulting from variation in the deposition parameters. However, as 
the standard deviation of Roz was small, < 2% for most samples, other characteristics of the film, 
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not Roz, should have some effect in determining the resistivity, as is evident by the partial 
correlation between the resistivity and average grain size D seen in Fig. 7b, where the data is 
scattered, yet a trend could be identified. 
The resistivity of polycrystalline ZnO can be described by two electrical resistivity models, also 
appropriate to model the resistivity of other (doped) polycrystalline TCO’s. The two models differ 
in the basic mechanism responsible for the electrical resistance. In TCO's with high carrier density 
(> 1026 m-3), the resistivity is based on carrier scattering by ionized impurities (intrinsic lattice 
defects or extrinsic dopants) [2, 36, 37]. In polycrystalline TCO’s with lower carrier density (< 1026 
m-3), the resistivity model of Seto [38] and Bruneaux [39] is applicable, and the resistivity is mostly 
due to the grain barrier electron trapping. Seto [38] showed that his model agreed closely with the 
resistance of phosphorous-doped polycrystalline Si, while Bruneaux [39] applied it to fluorine-
doped tin dioxide films. In the present experiment the resistivity of grains with D in the range 10 –
20 nm was (1- 3)·10-4 ·m, implying according to the data in Ref. 2 carrier density  1025 m-3 (as 
also supported by the data from the Hall measurement mentioned above), hence, the resistivity is 
assumed to be determined by carrier trapping and grain boundary potential barrier, neglecting the 
bulk resistance of the grains, in accordance to the model of Seto. [38] According to the grain 
boundary model, in order for the resistivity to grow with D the area density of traps on the grain 
boundary (Qt) should also grow with D and with the density of the impurity ions (N), i.e. excess of 
Zn ions. However, as the variation of O/Zn ratio over the range is smaller than 8%, it is reasonable 
to assume that the change in Qt was only weakly dependent on N. Hence, the increase of  with D 
probably implies an increase of Qt. A direct determination of Qt is required to support the 
application of the grain boundary model for the connection between  and D. Similar report on the 
resistivity of oxygen deficient ZnO films were reported by Whangbo et al. [30], who measured 
resistivities in the range (106 – 10-4)··m. 
Large-grained films were more resistive. No correlation was found between the resistivity and X-
ray (002) reflection peak intensity, the latter representing the film crystalline quality. This result 
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agrees well with the observation that the intensity of the (002) reflection was not correlated with D 
while  was. It also supports the assumption that the resistivity is determined by the boundary effect 
model, and the quality of the grains might have only a secondary effect on the resistivity. 

3.5 Optical analysis 
3.5.1 Optical Transmission 
Film thickness affects their optical transmission, and in order to eliminate the thickness factor, the 
extinction coefficient (), which is a function of the wavelength, was determined from the 
transmission data, according to the expression:  
 
d
r
T e   , 
where Tr is the transmission of a ZnO film with thickness d.. Thus, small values of  indicate high 
transmission, or large e-folding thickness. 
The variation of  with arc current is presented in Figures 8a-8c.  In all cases, ZnO films deposited 
with higher arc current had larger  throughout the observed spectrum. As function of wavelength, 
 of all films deposited with arc current<250 A decreased monotonically with wavelength in the 
whole observed range. However,  of films deposited with arc current >200 A and pressure< 0.43 
Pa started to decrease for wavelength > 430 or 440 nm, after a slight increase in the range 380-440. 
The position of the maximum in  varied with arc current. The lowest –value was observed for a 
film deposited with 100 A arc current, around 6·10-4 nm-1, resulting with a ~90% transmission for a 
film thick 210 nm. The values of the parameter , derived for samples deposited with pressure of 
0.4 Pa are shown in Fig. 8b. Here, the values of  for films deposited with arc currents in the range 
100 – 200 A were very close, having practically the same  for  > 540 nm. The values of  of 
samples deposited with arc current larger than 200 A and with P=0.4 Pa, though higher than the  
of samples deposited at lower currents, decreased monotonically with wavelength, approaching that 
of samples deposited at P = 0.37 Pa.  The extinction coefficient of samples deposited with the 
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higher pressure (0.5 Pa) depended only weakly on the current (Figure 8c), and had a significantly 
lower   
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Figure 8: Plot of the extinction parameter  (nm-1) vs. wavelength (), for the following oxygen 
pressures: (a) P=0.37 Pa, (b) P=0.4 Pa, and (c) 0.51 Pa. 
 
 
3.5.2 Correlations between the optical transmission and micro-properties 
No well-defined correlation was found between the film optical transmission, i.e. , and film 
composition, or between  and the (002) reflection peak intensity.  
Practically no correlation was found between  and the grains size, where above D = 16 nm the 
films had very low transmission (Tr < 0.1). This was to be expected, as these were the thicker films 
(Fig. 5a). The observation that  was weakly correlated with grain size indicated negligible 
absorption and scattering by the grains. Mie’s scattering and absorbing theory applies to a medium 
containing dielectric and conducting spheres, but should also provide a reasonable approximation to 
non-spherical grains provided the dimensions of the grain are much smaller than the wavelength 
[40]. The complex index of refraction of ZnO in the VIS region is approximately 2+ik, where k~ 
0.05 – 0.2, implying that the parameter  and  defined by van de Hulst are ~1 and ~3º – 10º, 
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respectively [41]. As º and the ratio 2D/ 0.25, hence the absorption and scattering cross 
section are << D2/10, and the mean free path of a photon will be at least 50D. As film thickness is 
in the range (6 – 15)·D, the effect of the grains on the transmission would be negligible.   
 
4. Conclusions 
The variation of arc current and oxygen pressure of a FVAD system affected in a complex manner 
the electrical conductivity, optical transmission, chemical composition, and structure of thin ZnO 
film (70 to 780 nm thick), which were deposited for 60 s. In most cases the experimental data did 
not indicate an ordered relation between deposition parameters and film characteristics. The 
deposition that was performed with oxygen pressure varying the range 0.37 – 0.51 Pa and arc 
current of 100 – 300 A, resulted in polycrystalline, hexagonal c-oriented TCO films, consisting of 
10 –35 nm crystalline grains, with internal compressive stress in the range –2.5 to 0 GPA. 
The variation of the deposition parameters affected weakly the film chemical composition, which 
always showed zinc excess in the bulk. The overall oxygen-to-zinc atomic concentration ratio was 
in the range of 0.68-0.80, however, in most cases the ratio was in the range 0.68-0.72. No definite 
correlations were found between the structural properties and the composition. Film thickness 
depended linearly on deposition time, arc current, and oxygen pressure.  
The electrical resistivity  of the transparent films ((1 –5)·10-4 ·m) was correlated with film 
grain size and depended on arc current only for arc current  250A. No distinct dependence of  on 
the oxygen pressure was found. The dependence of the extinction coefficient  on the deposition 
parameters did not show a distinct trend, but the optical transmission of the films, which depends on 
both  and film thickness, increased with oxygen pressure and decreased with arc current, reaching 
a maximal value up to 97% over the visual and near-IR ranges of the spectrum, for films of  
~200 nm thickness. 
We conclude that although the characteristics of thin ZnO films deposited with FVAD system 
could be partially affected by adjusting the deposition parameters, the degree of control was limited. 


Further study is required including investigating the effects of additional deposition parameters, e.g. 
substrate temperature and electrical bias, to determine how to achieve a better control of film 
properties by changing the deposition parameters. In the present case, the best combination of 
lowest resistivity and lowest extinction coefficient was obtained for a film deposited with I = 200 A 
and pressure of 0.5 Pa, with  = 10-4 ·m, and  0.0004 nm-1 at wavelength of 600 nm.
 
Acknowledgements 
The authors thank Dr. L. Burstein and Dr. Yu Rosenberg for the XPS and XRD measurements. 
This research was partially supported by a grant from Tel Aviv University, TheGordonCenter for 
Energy Studies. 
 
References 
1. K. Ellmer, J. Phys. D: Appl. Phys. 33 (2000) R17-R32 gives a comprehensive review of studies 
of sputtered ZnO. 
2. K. Ellmer, J. Phys. D: Appl. Phys. 34  (2001) 3097-3108. 
3. E. M. Bachari, G. Baud, S. Ben Amor, M. Jacquet, This Solid Films 348 (1999) 165-172. 
4. K. B. Sundaram and A. Khan, Thin Solid Films 295 (1997) 87-91. 
5. L. Meng, C. P. Moreira de Sá., M. P. dos Santos., Appl. Surf. Sci. 78  (1994) 57-61. 
6. K. Kaiya, K. Omichi, N. Takahashi, T. Nakamura, S. Okamoto, H. Yamamoto, Thin Solid Films 
409 (2002) 116. 
7. B. S. Li, Y. C. Liu, D. Z. Shen, Y. M. Lu, J. Y. Zhang, X. G. Kong, X. W. Fan,  Z. Z. Zhi, J. Vac. 
Sci. Technol. A 20(1) (2002) 265-269. 
8.X. Li, Y. Yan, T. A. Gessert, C. L. Perkins, D. Young, C. DeHart, M. Young, T. J. Coutts, J. Vac. 
Sci. Technol. A 21(3) (2003) 1342-1346. 
9. H. Kato, M. Sano, K. Miyamoto, T. Yao, J. Cryst. Growth 237-239 (2002) 538-543. 


10. D. C. Look, D. C. Reynolds, C. W. Litton, R. L. Jones, D. B. Eason, G. Cantwell, Appl. Phys. 
Lett. 81(10) (2002) 1830-1832. 
11. J. F. Muth, R. M. Kolbas, A. K. Sharma, S. Oktyabrsky, J. Narayan, J. Appl. Phys. 85(11) 
(1999) 7884-7887. 
12. M. J. Alam and D. C. Cameron, J. Vac. Sci. Technol. A 19(4) (2001) 1642-1646. 
13. R. L. Boxman, V. Zhitomirsky, S. Goldsmith, T. David, V. Diktyar, Society of Vacuum Coaters 
(SVC) 46th Annual Technical Conference Proceedings (2003) 75-80. 
14. A. Bendavid, P. J. Martin, H. Takikawa, Thin Solid Films 360 (2000) 241-249. 
15. H. Takikawa, K. Izumi, R. Miyano, T. Sakakibara, Surf. Coat. Technol. 163-164 (2003) 368-
373. 
16. X. L. Xu, S. P. Lau, B. K. Tay, Thin Solid Films 398-399 (2001) 244-249. 
17. X. L. Xu, S. P. Lau, J. S. Chen, G. Y. Chen, B. K. Tay, J. Crst Growth 223 (2001) 201-205. 
18. Y. G. Wang, S. P. Lau, H. W. Lee, S. F. Yu, B. K. Tay, X. H. Zhang, K. Y. Tse, H. H. Hng, J. 
Appl. Phys. 94(3) (2003) 1597-1604.  
19. Y. G. Wang, S. P. Lau, X. H. Zhang, H. W. Lee, H. H. Hng, B. K. Tay, J. Crst. Growth 252 
(2003) 265-269. 
20. X. L. Xu, S. P. Lau, J. S. Chen, Z. Sun, B. K. Tay, J. W. Chai, Mat. Sci. Sem. Procss. 4 (2001) 
617. 
21. Takikawa H., Kimura K., Miyano R., Sakakibara T., Thin Solid Films 377-378 (2000) 74-80. 
19. T. David, S. Goldsmith, R. L. Boxman, Thin Solid Films 447-448 (2004) 61-67. 
23. L. Kaplan, V. N. Zhitomirsky, S. Goldsmith, R. L. Boxman, I. Rusman, Surf. Coat. Technol. 
76-77 (1995) 181-189. 
24. L. Kaplan, A. Ben-Shalom, R. L. Boxman, S. Goldsmith, U. Rosenberg, M. Nathan, Thin Solid 
Films 253 (1994) 1-8. 
25. R. W. Hoffman in: Physics of Non-metallic Thin Films, C. H. S. Dupy and A. Cachard. (eds.), 
Plenum, New York (1976), pp. 273. 


26. S. Maniv S., W. D. Westwood, E. Colombini, J. Vac. Sci. Technol. 20 (1982) 162-170. 
27. K. H. Hellwege and A. M. Hellwege (eds.), Numerical Data & Functional Relationships in 
Science and Technology, Landolt-Bornstein Series (Springer, Berlin, 1969), Group III, Vol. 2, p. 
58. 
28. R. W. Hoffman in: Physics of Non-metallic Thin Films, C. H. S. Dupy and A. Cachard. (eds.), 
Plenum, New York (1976), pp. 273. 
29. J. L. Vossen and W. Kern W. (eds.), Thin Film Processes, Academic, NY, Chapter II-4 (1978). 
30. S. W. Whangbo, H. K. Jang, S. G. Kim, M. H. Cho, K. Keong, C. N. Whang, J. Korean Phys. 
Soc., Vol 37, No. 4 (2000) 456-460. 
31. A. Anders and B. Yu. Yushkov, J. Appl. Phys., 91 (2002) 4824. 
32. Chapter III in: Handbook of Vacuum Arc Science and Technologoy (Boxman R. L., Martin 
P.33. J., Sanders D. M. (eds.), Noyes publications, New Jersey (1995). 
33. Section 6 of: Handbook of Vacuum Arc Science and Technologoy (Boxman R. L., Martin P. J., 
Sanders D. M. (eds.), Noyes publications, New Jersey (1995). 
34. P. Bonasewicz, W. Hirschwald, G. Neumann, Appl. Surf. Sci. 28 (1987) 135-146. 
35. D. G. Thomas,J.Phys. Chem. Solids 3, 229(1957), G. Heiland, E. Mellwo, and F. Sötckmann, in 
Solid State Physics, edited by F. Seitz and G. Turnbull (Academic Press, New York, 1959)]. 
36. E. Conwell and V.F. Weisskopf, Phys. Rev. 69 (1946) 258. 
37. E. Conwell and V.F. Weisskopf, Phys. Rev. 77 (1950) 388. 
38. J. Y. Seto, J. Appl. Phys. 46 (1975) 5247. 
39. J. Bruneaux, H. Cachet, M. Froment, and A. Messad, Thin Solid Films, 197 (1991) 129. 
40. M. Born and E. Wolf, Principles of Optics, Seventh Edition, Cambridge University (1999), pp. 
759-789.     
41. H.C. van de Hulst, Rech. Astr. Obs. Utrecht, 11 (1945) 28. 
